Introduction
Aging and longevity sciences need appropriate animal models for understanding and capturing the physiological aging process individually. Small laboratory rodents such as rats and mice are used extensively in aging and longevity researches. In 1996, the National Institute for Longevity Sciences (NILS) established an aging farm to produce aging/aged labo-rats have substrain differences in survival [27, 29] and incidence of age-associated disorders [17, 18] . In addition, various aging characteristics of F344/N rats have been identified in respiratory morphology [32, 33] , blood pressure [25] , cell architecture of the hypothalamic suprachiasmatic nucleus [31] and the periodontal bone [1] .
In the current study, we focused on the reproduction of female F344/N rats to identify the functional reproductive lifespan, especially its length relative to the known F344/N entire life span at NILS [27, 28] . Since reproduction is one of the most fundamental biological characteristics common to all mammals, it may be a good indicator for the investigation of the homology not only among F344 substrains or rat strains, but also between rats and humans.
Previous aging researches have characterized the reproductive aging of female outbred laboratory rats using fertility and fecundity on Long-Evans [14, 15] , and estrous cycles on Sprague-Dawley (SD) [3, 6, 23] , Long-Evans [9, 11] , and Wistar rats [2] . The rat estrous cycle well reflects ovarian activity, which is regulated through the hypothalamus-anterior pituitary axis [12] . The estrous cycle is thus a convenient and useful parameter for monitoring individual reproductive aging throughout the lifespan of the rat [11] .
The process of the reproductive aging appears to be divided into three sequential phases based on the cyclicity: the cyclic disturbance, the cycle cessation, and the postcyclic vaginal state. Nelson et al. [19] reported the cessation of cycles was preceded by irregularity in cycle length in many strains of rats (e.g., DA, SD, Long-Evans, and Wistar); however the age of cycle cessation ranged from 6 to 18 M among them. The predominant postcyclic vaginal state was consistent among SD [6] , Long-Evans [11] , and Wistar rats [2] . These strains of rat showed persistent vaginal cornification (PVC), which was characterized by the presence of anovulatory polyfollicles and the absence of corpora lutea [3, 7, 11] . According to Lu et al. [11] , this PVC was replaced later by repetitive pseudopregnancy (RP), characterized by ovaries with many mature follicles and corpora lutea in Long-Evans rats, although its duration was not so apparent. Exceptionally, an unpublished report on Fisher 344 rats pointed out the dominant presence of RP in addition to PVC [7] . Moreover, the Fisher 344 rats were reported to be characterized by long cyclic duration at 16-18 M [7] , and this characteristic seemed useful for producing healthy aged animals by delaying degenerative changes of animals.
The current study was therefore conducted to identify aging changes of estrous cycles in an inbred strain of rats, F344/N rats, which is widely used in aging researches. Aging and/or aged animals established at the NILS Aging Farm [26] were monitored between 1 and 30 M using vaginal smear cytology. The ages of vaginal opening and onset of the estrous cycle were also examined to determine the onset of puberty [5, 21, 22] , and ovarian histology was monitored for the presence or absence of follicles and corpora lutea. The results of this investigation will be used to determine the functional reproductive lifespan of female F344/N rats and to assess the usefulness of these rodents as animal models for longevity studies through the comparisons with the reproducible survival of this strain [28] .
Materials and Methods

Experimental animals
A total of 50 virgin female F344/N rats were used in the experiment on estrous cycles. Ontogenetic changes in the estrous cycles of 30 females between 1 and 30 M were examined for 3-4 months using ten age groups: 1, 2, 5, 8, 11, 14, 17, 20, 23 , and 26 M, with three individuals per group. The youngest two groups (1 M and 2 M) were purchased from Japan SLC, Inc. (Hamamatsu, Japan). The remaining groups were supplied by the NILS Aging Farm which produces aging/ aged individuals by introduction of 4-week-old animals every 3 months [26, 28] . This made it possible to produce aging/aged individuals for every three months and to observe aging changes of animals from 3 to 30 M within three months [26, 28] . At autopsy, all rats except two were free from leukemia or pituitary adenoma, which characterize this strain [17, 18] .
Twenty additional females were purchased from Japan SLC, Inc., as infants at 29 days of age and were used in the investigation of vaginal opening and the onset of estrous cycles.
All rats were maintained in animal rooms with controlled temperature (22-23°C) and artificial lighting regimens (lights were on from 8:00 am to 8:00 pm daily). The rats were housed in groups of three per cage and were given pellet food (Labo MR Stock; Nosan Corporation, Yokohama, Japan), which was sterilized by irradiation, and autoclaved water [26] . During the experimental period the same diet and tap water, sterilized through a reverse osmosis membrane filter, were given ad libitum. The average (835-880 days) and maximum (1112-1201 days) survivals of six F344/N groups at the NILS Aging Farm have been described in detail [26, 28] .
All animals were cared for according to the Guideline of NILS Animal Experimentation with consideration to animal rights and welfare.
Experimental procedures
Assessment of estrous cycles The estrous cycle patterns of different age groups were determined by almost daily observations of vaginal smears for 3 to 4 months. Vaginal samples were taken in the morning, during the photoperiod 9:00 to 11:00 am, using a small glass pipette and distilled water. The drops containing vaginal smears were examined under a light microscope (with × 100). The vaginal smears were classified by their cytology [12, 22] . In this study, the appearance of cornified cells was used for the determination of estrous cycle patterns. The recurrence of a cornified cell phase (Fig.  1B) preceded by a nucleated cell phase (Fig. 1A) was regarded as evidence of estrous cycles. The cessation of cycles was defined as the day on which the last cornified cell phase preceded by a nucleated cell phase was identified. The length of a cycle was determined as the number of consecutive days from the day of one cornified cell phase to the day prior to the next cornified cell phase.
Vaginal opening and onset of estrous cycles (Table 1) Twenty immature females were inspected daily for vaginal opening beginning at 29 days of age. After vaginal opening was confirmed, estrous cycles were examined daily. The first appearance of cornified cells in the vaginal smears was defined as the age of onset of the estrous cycle. The body weight of each rat was also recorded upon identification of both vaginal opening and the first cornified cell phase (Table 1) .
Ovarian histology All rats in all age groups were sacrificed in the afternoon (1:00 to 3:00 pm) of the day on which the predominant leukocytes phase (diestrus) was observed.
They were euthanized with an overdose injection of anesthetics (Avertin; tribromoethanol). The ovaries and uteri [4] were dissected and weighed. The ovaries of each rat were fixed in Bouin's solution and processed for histology using routine paraffin-embedding, sectioning (2 µm), and staining by hematoxylin and eosin (HE) and Azan. The presence or absence of growing (primordial, primary and secondary) and mature (antral) follicles, and corpora lutea was checked on at least 4 sections per ovary, with each observed section separated by a distance of over 100 µm. Figure 2 summarizes the estrous cycles in individual rats from each age group.
Results
Age-related changes of estrous cycles
In the youngest two age groups (1 and 2 M), recurrent and successive estrous cycles were confirmed in all females. The cornified cell phase, preceded by the nucleated cell phase, recurred at intervals of 4-10 days. The average interval of estrous cycles in the 1 M group was 5.0 ± 1.0 days (5.1, 4.9 and 5.1 days in three females, Fig. 2 ). The 6th interval of 10 days observed in 1M-c female might have been due to failure to capture the cornified cell phase, since the blank day was preceded by a nucleated cell phase. The average estrous cycle interval was 4.9 ± 0.3 days (5.2, 4.6 and 5.0 days) in the 2 M group. Rat 2M-a showed a 9-day interval in the 15th cycle.
In the 5 and 8 M groups, cycles recurred at 3-to 7-day intervals. In the former, the average interval was 4.7 ± 0.8 (4.8, 4.4 and 4.9 days in three females) days and it was 4.8 ± 0.8 (4.5, 5.0 and 5.0 days) days in the latter.
In the 11 M group, cycles of two rats (11M-a and 11M-b) recurred at 4-to 7-day intervals until 468 days of age. However, the third rat (11M-c) showed an interesting pattern. Its cycles were 4 to 6 days interval until 392 days of age, followed by three extended cycles at 10-or 11-day intervals, with longer predominant leukocyte phases interspersed with 3 short cycles of 5 days between the ages of 393 and 439 days. After the last cornified cell phase within a cycle, which was identified at 439 days of age, no recurrent cornified cell phases appeared in the vaginal smears. The vaginal smears showed exclusively the predominant leukocyte phase, interspersed with 1 or 2 days of the nucleated cell phase, for more than 4 weeks. We therefore judged that regular or extended cycles had ceased at 439 days of age in this female. However, at 468 days of age, a cornified cell phase without a preceding nucleated cell phase appeared abruptly in this female (Fig. 2, 11c , stippled bar on the right side). As described later, this single cornified cell phase (Fig. 3B ) repeatedly appeared at irregular intervals in the aged groups (11, 14, 17, 20, 23 and 26 M, Fig. 2, shaded bar) . This single cornified cell phase was judged to be an additional phase that appeared after the cessation of cycles in female F344/N rats and was noted for its appearance and disappearance. The average length of the cycles was 5.2 ± 1.4 days (5.1 days in 11M-a, 4.6 days in 11M-b, and 6.0 days in 11M-c until the 16th intervals at 439 days of age).
In the 14 M group, one rat (14M-a) showed a final cornified cell phase with a preceding nucleated cell phase at 482 days of age and subsequently showed only the predominant leukocyte phase (Fig. 3A) for nearly 2 weeks (Fig. 2) . However, two single cornified cell phases were identified at 498 and 511 days of age (Fig.  2, 14 M, 14-a, two stippled bars between 16 and 17 M). We judged that regular or extended cycles had ceased and sacrificed this rat at 561 days of age. Similarly, another rat (14M-b) ceased cycles at 497 days, and only the predominant leukocyte phase persisted for nearly 2 months; this rat was sacrificed at 552 days of age. The third female (14M-c) showed exclusively regular cycles until 548 days of age. However, this rat suddenly exhibited the single cornified cell phase at 498 days. The average interval of cycles with regular recurrence was 5.2 ± 1.0 days (5.0 days in 14M-a until the 11th cycle, 5.4 days in 14M-b until the 13th cycle, and 5.3 days in 14M-c until the 23rd cycle).
Thus, in the 11 M and 14 M groups, the cessation of regular or extended cycles was observed in four rats at 439 (11M-c), 482, 497, and 549 days of age (14M-a, b and c, respectively) ( Fig. 2 ) (mean ± SD; 499.0 ± 35.4 days or 16.4 ± 1.2 M). Subsequently, two of these rats (11M-c and 14M-a) showed a single cornified cell phase during the predominant leukocyte phases at irregular intervals (Fig. 2, stippled bars) . These observations suggest that F344/N rats completely lose their cyclicity and change into a postcyclic state at approximately 16 M.
One rat (17M-c) in the 17 M group showed no cyclicity in the vaginal smears, but single cornified cell phases appeared many times throughout the experimental period. The remaining two rats (17M-a and 17M-b) showed the cornified cell phase on the first observation day (525 days of age). It was uncertain whether this phase was a cornified cell phase in an estrous cycle (i.e., estrous phase) or a single cornified cell phase without the preceding nucleated cell phase after the cessation of cycles. However, these females showed only single cornified cell phases at intervals of 3-53 days thereafter, and we considered each phase to be a single cornified cell phase.
In the 20 M and 23 M groups, two individuals, one each from the 20 M (20M-a) and 23 M (23M-c) groups, died of leukemia, which is a characteristic disorder in this strain of rat [17, 18] . The other members of these groups showed only single cornified cell phases throughout the observation period. In the 26 M group, even single cornified cell phases could not be identified beyond 830 days of age; each final cornified cell phase was observed at 802, 822, and 830 days of age (818.0 ± 14.4 days or 26.9 ± 0.5 M). Subsequently, these rats exhibited only the predominant leukocyte phase for longer than 2 months and were sacrificed together at 912 days.
Vaginal opening and onset of estrous cycle
The ages and body weights of rats at the times of vaginal opening and first cornified cell phase are presented in Table 1 . Vaginal opening was observed at 36 to 47 days of age (mean ± SD; 40.6 ± 2.9 days), at body weights of from 84.6 to 113.0 g (97.6 ± 6.9 g). The first cornified cell phase was observed at 39-53 days (44.7 ± 4.7 days), at corresponding body weights of 92.2 to 119.8 g (105.7 ± 7.2 g). The first cornified cell phase was observed on the same day as the vaginal opening in 40% (N = 8) of the rats aged 39-46 days (weight range: 92.2-113.0 g), while in the remaining rats the appearance of the first cornified cell phase took 5 to 10 days of the leukemia cell phase after the vaginal opening.
Age-related changes of ovarian and uterine weights and ovarian histology
Ovarian weights appeared to increase from 40 mg at 1 M to about 80 mg at 21 M and then to decrease to 60 mg thereafter (Fig. 4A) . The pattern of uterine weight change was similar to that of ovarian weight change (Fig. 4B) . The uterine weight was 200 mg at 1 M, increased toward 1,400 mg at 21 M and then decreased to 1,200 mg at 30 M. Microscopic examination revealed that the ovaries of all females until 30 M contained growing and mature follicles, and corpora lutea (Fig. 5A , 5B, and 5C). Even in the ovaries of 30-month-old females that showed no cornified cell phases in vaginal smears (Fig. 2: 26 M group), a small number of growing and mature follicles and corpora lutea was still present (Fig. 5C ).
Discussion
Age-related changes in the estrous cycles
The current report presents the essential data regarding age-related changes in estrous cycles and in the postcyclic state of females from an inbred strain of rats, F344/N. F344/N females exhibited the first cornified cell phase, i.e., estrous phase, at the age of 1.5 ± 0.2 months (44.7 ± 4.7 days) ( Table 1) , and the cornified cell phase appeared repeatedly in smears thereafter (Fig. 2) . The cycle length, represented by the interval from the cornified cell phase to the next one, seemed to be generally constant while cyclicity was present, although intervals nearly twice as long appeared in some females (Fig. 2, 1M-c, 2M-a, 11M-b, 11M -c, 14M-b and 14M-c). The cycles were nearly regular between 3 and 6 days in some females (Fig. 2: 5 M group) , but intermittently extended to 7 days and over in most females between 9 and 16 M (four out of five: 8M-c, 11M-b, 11M-c, 14M-b, and 14M-c) (Fig. 2: 8, 11 , and 14 M groups). Similar aging changes in the cycle length have been reported in outbred strain of rats, e.g., Long-Evans [11, 14] or SD [6] , and also in inbred or outbred strains of mice [19, 30] . It is therefore considered that the disorder of the cycle length prior to the cycle cessation was the first reproductive aging change common to these laboratory rodents. However, the cycle length was regular until the cycle cessation in one female (one out of five: 14M-a) (Fig. 2: 14 M group) . The significance of the exceptional one remains unclear.
After the cessation of estrous cycles at 16.4 ± 1.2 M, older females showed a unique cytology on vaginal smears: a single cornified cell phase that lacked the preceding nucleated cell phase appearing at extremely irregular intervals (Fig. 2: stippled bars in 8, 11, 14, 17 , 20, 23, and 26 M groups; Fig. 3B ). This was considered to be the second aging change after the cycle cessation in F344/N rats. Taken together with ovarian histology containing many mature follicles and corpora lutea (Fig. 5B) , it was considered that these females, aged between 17 and 27 months, might be in a repetitive pseudopregnant (RP) state, which has been reported for other strains of rats, e.g., Long-Evans [9, 11] , SD [3, 23] , and Wistar rats [2] . It's interesting to note that the cessation of cyclicity was followed by a repetitive pseudopregnant state in all F344/N females, whereas it is, in most cases, followed by persistent vaginal cornification (PVC) in other known strain rats (i.e., Long-Evans, SD, and Wistar) [8] . There seems to be strain differences between F344/N and these outbred strain rats. Felicio et al. [7] indicated that the appearance of PVC and its duration depended on the age of cycle cessation; the PVC was the most common initial postcyclic state in rats and mice that ceased cycles before 15 M, but PVC was replaced by RP or a persistent diestrus state in rats and mice that had cycles beyond 16 M. PVC is considered to be an estrogenic state dependent on continued secretion of estrogens by ovaries, and its duration is therefore limited by the oocyte reserves in the ovaries [8] . The quantitative histological assessment is meaningful and useful in speculating on whether or not the loss of follicles plays any role in the loss of cyclicity and postcyclic state of female rats.
The single cornified cell phases disappeared at 26.9 ± 0.5 M (Fig. 2, 27 M group) , after which time the vaginal smears showed consistent cytology characterized by a predominant leukocyte, or diestrus phase. This phase was often characterized by thin leukocytic smears (data not shown), as reported for aged (over 26 M) C57BL/6J mice [7] . These findings indicate that F344/ N females aged over 27 months are in a senile anestrus state, or persistent anestrus, a state that has been described in some strains of rats and mice [7, 9] with only small or primary follicles [9, 16] . Although there is scant information on the ovarian histology of rats showing a senile anestrous state, it is generally characterized by atrophic ovaries (average weight 20 mg) [9] . However, as described earlier, the ovaries of 30-monthold F344/N rats showing an anestrus state were not so atrophic (average weight 60 mg: Fig. 4A ) and contained small numbers of mature follicles and corpora lutea (Fig. 5C ). This inconsistency of ovarian histology among aged rats suggests that further investigations of ovarian histology of aged rats are required, particularly at over 27 M.
The senile anestrus state was considered to be the third aging change after the cycle cessation and is probably the final stage of reproductive aging in female F344/N rats. Thus, there may be two steps in the perfect cessation of reproductive activities of F344/N females: the first is the cessation of estrous cycles and the second is the disappearance of single cornified cell phases. The first occurred within 100 % survival, and the second in the 50 % survival of this strain [28] .
In female F344/N rats, the aging changes of reproduction throughout the life can be divided into five stages based on the vaginal smear cytology (Table 1 and Fig. 2 ): (i) the onset of estrous cycles at 1.5 M, (ii) the recurrent appearance of cornified cell phases at regular 4-to 6-day intervals (regular estrous cycles) between 1.5 and 9 M, (iii) the recurrent appearance of cornified cell phases at both regular and extended intervals (regular/extended estrus cycles) between 9 and 16.4 M, (iv) the irregular appearance of single cornified cell phases (repetitive pseudopregnancy: RP) between 17 and 27 M, and (v) the disappearance of single cornified cell phases (senile anestrus state) at over 27 M.
Strain differences in age at vaginal opening and onset of estrous cycle
Vaginal opening is the most conspicuous change associated with puberty in female rats [21] . The current study of F344/N females indicates that vaginal opening occurs at around 40 days (Table 1) , which is later than reported for other strains. Vaginal opening occurs at around age 36 days in Wistar rats [5] and at 34 days in SD IGS rats [20] . The body weights at the time of vaginal opening were also different among strains.
While the mean body weight was greater than 100 g in two Wistar strains [5, 12] and in SD IGS [20] , it was less than 100 g in F344/N rats (Table 1) . Thus, the onset of puberty may occur later and with a smaller body size in inbred rats. On the other hand, the period between vaginal opening and first vaginal cornification is similar in these laboratory strains of rats. All the F344/N females showed the first vaginal cornification at or shortly after vaginal opening (Table 1 and Fig. 2 , 1M-b and 1M-c), which is a similar timing to that reported for two Wistar strains [5, 12] ; regular cycles began within the next ten days (Table 1 ). Since F344/ N females are characterized by the longer survival than the other strains mentioned above, sexual maturity may be later or need more days. Late maturity is generally accepted to be related to longer survival.
Age-related changes in the ovaries and uterus
The weights of the ovaries and uteri of F344/N rats were apparently unaffected by the cessation of estrous cycles; they did not decrease until after 20 M (Fig. 4A  and 4B ). This was very interesting when compared with the observations of the vaginal smear. The changes in the organ weights were unconnected with the aging changes seen in the vaginal smears. The unpublished observation of the aging changes of pituitary and ovary hormones showed extremely low level except for the prolactin and progesterone. The absence of a decrease in ovarian weight can be explained in part by the presence of several follicles and particularly corpora lutea in the aged ovaries. In addition, histopathologically any changes were not identified among them except for abnormal accumulation of mononucleated lymphocytes of the individual with leukemia (not shown) [18] . Microscopically, many growing and mature follicles and corpora lutea were identified in the ovaries of rats that had ceased estrous cycles (Fig. 4B) . These follicles may be the cause of the irregular appearance of cornified cell phases (Fig. 3B ) in vaginal smears of postcyclic rats aged between 17 and 27 months, suggesting that the functional lifespan of the ovary extends beyond the reproductive years in F344/N rats.
An interesting finding is that a small number of growing and mature follicles as well as corpora lutea were still present in the ovaries of 30-month-old rats (Fig.  5C ). Although we did not report the quantitative assessment of the ovaries in this study [10, 13] our findings at least confirm assured that the development of follicles and corpora lutea continues beyond the average lifespan of approximately 28 months [28] and, probably, even until death in F344/N rats. This is supported by our unpublished observation that the ovary of the 35.9-month-old F344/N rat possessed a few primordial follicles, follicles undergoing maturation and atresia, and corpora lutea.
The entire reproductive life span of F344/N rats can be divided into four phases with three turning points. These points were the onset of estrous cycles at 1.5 M, the lost of cyclicity on them at 16.4 M and the cessation of the single cornified cell phase at 26.9 M. However, ovaries contained growing follicles and intact corpora lutea even at 30 M. Some aging characteristics, the irregular appearance of the cornified cell phase and ovarian histology with normal components are unknown in some rat strains or postmenopausal women. Therefore, we must be careful when extrapolating the aging changes of reproduction in female F344/N rats to extrapolate that in human beings.
